We present a mathematical approach to the experimental data recorded via Fourier transform-infrared spectroscopy regarding the influence of the concentration of the antimicrobial peptide gramicidin S (GS) on the thermotropic phase transition of the dipalmitoylphosphatidyl-glycerol (DPPG) lipid bilayer membrane in DPPG=GS systems. The model is based on the influence of the GS concentration on the parameters of a nonlinear damped oscillator, which models the CH 2 symmetric stretching band.
INTRODUCTION
The nature of phospholipid-peptide interactions influences the mechanism of membrane penetration by some peptides, such as antibiotics. When these interactions have an electrostatic nature [1] , such as in the case of dipalmitoylphosphatidyl-glycerol (DPPG) (see the structural formula in Fig. 1a ) and gramicidin S (GS) (see the conformational formula in Fig. 2 ), membrane destabilization can occur by the formation of pores or by a detergent-like mechanism [2, 3] , favoring the leakage of the cellular content [4] .
DPPG [1] is an amphionic phospholipid in which two hydrophobic fatty acid chains are separated from a charged head group by a glycerol backbone. DPPG model membranes are structured as bilayers, with the interior fatty acid chains oriented in parallel to each other and the phospholipid heads facing out in contact with water. The stability of the DPPG model membranes is assured by maximization of hydrophobic interactions and by minimization of the hydrophilic ones. The strong interactions of the hydrophobic core are essential for the stability of bilayers as shown by the fact that the phase-transition temperature in saturated phospholipids increases with the acyl chain length [1] .
Gramicidin S [5, 6] is a very active anti-microbial and hemolytic peptide with a plated b-sheet structure, cyclo{(Val-Orn-Leu-D-Phe-Pro) 2 } stabilized by four intramolecular hydrogen bonds between the two Leu and two Val residues [7, 8] . The structure of the GS-component amino acids is shown in Fig. 3 . Among the amino acid sequences, Orn has a basic character, and Val and Leu have hydrophobic characters [9] . Thus, the planar molecules of GS are amphiphilic; they have four Leu and Val side chains on the hydrophobic part and two polar positively charged Orn side chains and two D-Phe rings on the hydrophilic part. NMR, X-ray, and MD studies indicate that the backbone adopts an antiparallel 3-sheet with two Type II 0 b-turns in various GS solutions [10] . As consequence, in various media, the GS structure is amphipathic, with the hydrophobic side chains on one side of the molecule and the hydrophilic ones on the other. This provides a logical geometry for the interaction of the lipid membrane with the polar side of GS at the lipid=water interface and for the nonpolar side interaction with the lipid tails. There is considerable experimental evidence to support the GS conformation as described. The interaction of the positively charged Orn chains of GS with the negative part of the phospholipid backbone can induce a curvature stress modification in the hydrophobic part of the model membrane. When the curvature stress reaches a critical value, membrane destabilization occurs, its fluidity increases, the order degree decreases, and a liquid-crystalline phase begins. In Refs. [7, 8] , it is suggested that the ability of the GS to induce localized regions of high curvature stress in the lipid bilayers may be relevant to the mechanism by which this peptide disrupts the cell membrane.
Temperature variation induces changes in the degree of order of the model membrane [1, 8] . At low temperatures, DPPG model membranes are structured in lamellar symmetric bilayers, forming a gel phase with a high degree of orientational order. At high temperatures, they pass into a less ordered, liquid-crystalline phase. This transition appears around 41 C and is illustrated in Fig. 4 . The transition of the model membrane from the gel phase to the liquid-crystalline phase is a sudden process characterized by a main phase-transition temperature, T m . At temperatures hotter than T m , the lipids exist as a solidlike gel where the acyl chains are packed tightly against each other. At temperatures cooler than T m , the lipids are in a liquid-like phase, which is in fact a liquid-crystalline phase. The acyl chains are disordered. Also, at temperatures hotter than T m , rapid lateral diffusion of lipids (and proteins) occurs in the plane of the membrane.
The value of T m depends on the nature of the constituents and on their concentration in the model membrane [7, [11] [12] [13] [14] [15] [16] [17] .
When the temperature is decreased, the system's behavior is different and the DPPG=GS exhibits hysteresis phenomena.
The model membrane study in the neighborhood of T m can discover supplementary information on the membrane organization and on the membrane destabilization mechanism by addition of GS. Our interpretation of the experimental results is based on the hypothesis that the influence of GS concentration on the behavior of the nonlinear damped oscillator (which models the CH 2 symmetric stretching mode) is different for the gel and the liquid-crystalline phases of the DPPG=GS systems.
MATERIALS AND METHODS
DPPG membranes and gramicidin S, purchased from Sigma Chemical Co., St. Louis, USA, were used without purification and stored at temperatures below 0 C. Multilamellar DPPG liposomes were obtained [11, 14, 15] by vortexing DPPG thin films in excess Na 2 HPO 4 buffer for 20 min at 66 C. The liposomes were incubated in a shaking water bath for 1 h at a temperature around 45 C. The DPPG=GS systems were obtained from a stock solution of GS in ethanol. Multilamellar GS-containing vesicles were obtained using the same procedure followed for the DPPG vesicle preparation proposed in Refs. [14, 15] .
Fourier transform infrared (FTIR) spectra were registered using a Bomem 157 FTIR spectrometer. The interferograms were averaged for 100 scans. The samples were investigated in a large temperature range with temperature increasing from 26.5 to 61.1 C and decreasing from 61.1 to 26.5 C. After preliminary experiments, we found a rate small enough to ensure cvasistatic processes.
An Unicam Specac digital temperature controller unit with a thermocouple located around the edge of the cell window was used for temperature monitoring. Each spectrum was recorded after 15 min of temperature stabilization to make sure that the sample temperature was accurately displayed by the digital controller.
Aqueous absorption caused by the added buffer in the samples was subtracted from the digitally observed spectra of investigated samples before analysis.
RESULTS AND DISCUSSION
The bandwidth of the CH 2 symmetric stretching band was measured using the subtracted FTIR spectra for the spectral range 2800-3000 cm
À1
. With increasing temperature, two changes in FTIR spectra were observed: a shift of the bands corresponding both to the symmetric and asymmetric stretching of the CH 2 acyl chains toward high frequencies and an increase in the bandwidth. The bandwidth jumps near the main phase transition. These modifications are analyzed in the literature [7, [11] [12] [13] [14] [15] [16] for various types of phospholipids. We give a physical explanation of these modifications by analyzing the bandwidth values at different temperatures and different GS concentrations relevant for the dynamics of the chemical bonds implied in the IR bands' appearance. From the preliminary observations, the symmetric stretching band of CH 2 appears sensitive to the temperature and GS concentration changes; consequently we analyzed the bandwidth of the symmetrical stretching vibration.
The plot of the experimental data of the CH 2 symmetric stretching bandwidth versus increasing temperature near the main phase transition in the neighborhood of 42 C as shown in Fig. 5 . Another jump is observed at values below 42 C for decreasing temperature, generating hysteresis cycles. The two hysteresis cycles represent 0% GS concentration (solid symbols) and 10% GS concentration (open symbols), the highest considered in the present work. The curves for intermediate values are omitted for clarity's sake.
Within the range of experimental errors, for all the values of the concentration of GS between 0% and 10%, the bandwidth jumps for increasing temperature take place at the same temperature T m , and they have the same value, as demonstrated by the curves marked with squares in Fig. 5 . The phase-transition temperature T m could be defined as the temperature corresponding to the midpoint of the bandwidth shift between the gel phase and the liquid-crystalline phase. At this temperature, one can suppose that gel and liquid-crystalline phases coexist in equal proportions in the phospholipid membrane.
The temperature at which the phase transition takes place is given by the maximum of the derivative of the bandwidth versus temperature curve. These curves have been computed by numerical differentiation of the experimental data of Fig. 5 and are shown in Fig. 6 . They correspond to 0% (continuous line) and 10% (broken line) GS concentration. The curves on the right side of Fig. 6 , corresponding to increasing temperature, are highest at approximately the same temperature and have the same full width at high maximum (FWHM). The curves on the left side of Fig. 6 , corresponding to decreasing temperature, have different maximums and different FWHM. The ratio of the FWHM for these curves is 1.35. The transition curves for decreasing temperature should be asymmetric, in contradiction with the increasing temperature bandwidth curves. This asymmetry is visible on the dotted-line curve.
For all GS concentrations in this study, in the plot of the bandwidth for decreasing temperature, the jumps occur at different temperatures. The higher the concentration, the lower the temperature of the transition. Also, we observe a change in the magnitude of the jump, defined as the rectilinear part of the curve for decreasing temperature, which diminishes FIGURE 6 Numerical derivatives of the experimental curves in Fig. 1 . The curves on the right with the same FWHM and the same position of the maximum correspond to increasing temperature, whereas the curves on the left correspond to decreasing temperature. The curve with the larger FWHM and lower temperature maximum (dotted line) represents 10% GS, and the curve with the heavy line represents 0% GS concentration.
with increasing concentration. This behavior is clearly shown by the upper curve in Fig. 7 . The experimental points can be fitted as a linear dependence; the error bars correspond to an estimated precision of 5%.
Another clear change induced by the presence of GS is the translation of the bandwidth versus temperature curve toward higher values with increasing GS concentration. It is represented by the lower curve in Fig. 7 . Globally, these effects are also visible in the dependence of the area of the hysteresis loop on the GS concentration shown in Fig. 8 . The experimental points are well situated on a second-order curve as fitted by the equation written on Fig. 8 .
These results are in agreement with measurements on the thermotropic phase behavior of similar systems using differential scanning calorimetry (DSC). On the bases of DSC studies, Prenner and his coworkers [17] assumed that GS in the bilayer is located at the polar= apolar interface of liquid-crystalline bilayer, where it interacts primarily with the polar head and glycerol backbone regions of the phospholipid molecules and only secondarily with the lipid hydrocarbon chains.
MATHEMATICAL APPROACH
The model of nonlinear oscillators has been used extensively for interpretation of the behavior of a wide range of physical systems from plasmas [18] [19] [20] and condensed matter [21] to DNA and neuronal dynamics [22, 23] . The structure of lipid bilayers, liposomes, and the nature of the phase transition is covered in a wide array of literature [24] [25] [26] . The transition from gel to the liquid-crystalline phase involves a partial melting of the acyl chains while the spherical liposome remain intact. In the liquid-crystalline states, the acyl chains become mobile within the hydrophobic region of the liposome while the anchoring of the polar head groups prevents complete freedom of movement.
In Ref. [16] , it was mentioned that the presence of GS appears to induce the formation of inverted cubic phases at lower temperatures in those lipids capable of forming such phases at higher temperatures in the absence of peptide. Also, GS increases the permeability both of the model and biological membranes and, at higher concentrations, causes membrane destabilization. Based on this information, we constructed a model of the experimental results that takes into consideration that the influence of the GS concentration on the behavior of a nonlinear damped oscillator modeling the CH 2 symmetric stretching mode is different in the gel than in the liquid-crystalline phases of the DPPG=GS system. We admit that in the highly organized gel phase, the influence of the GS presence is mainly on the damping coefficient and less on the potential distribution, whereas in the less organized liquid-crystalline phase, besides influence on the damping Effect of Gramicidin Scoefficient, an important change in the potential distribution is induced. That a system characterized by a double well potential has a hysteresis-like characteristic was recognized as early as 1948 [27] .
In our model, we consider a sixth-order potential in agreement with the space charge distribution along a bilayer, as obtained from X-ray diffraction patterns [28] :
with b > 0; e > 0, where x stands for the inter atomic instantaneous distance normalized to the average value. Because x < 1, the dynamics is restricted only in the central zone of the graph in Fig. 9 marked by the broken curve and shown enlarged in the inset in the same figure. The change induced by the GS concentration consists of a deepening of the central well as shown in Fig. 9 Consequently, the effect of the GS presence in the DPPG=GS system can be modeled by a change in the behavior of a Duffing-type oscillator with a fourth-order potential, shown in the inset in Fig. 9 and described by the first two terms on the right side of Eq. (1).
The Duffing equation for the stretching motion subject to a dissipation Àc _ x x, and the harmonic driving cos xt is
We consider the dynamics of this system only for amplitudes below the value corresponding to the ''escape or dissociation threshold''
It is well known that this system could show bistable behavior and that in the bistability zone chaotic behavior appears [28, 29] . Good results for the behavior of the Duffing system (2) are obtained using the slowly varying amplitude (SVA) approximation. We write
and assume that a(t) is slowly varying, that is, j € a aðtÞ j<< x 2 j aðtÞj. Equation (2) reduces to the approximate form
This equation has steady-state solution a satisfying the fixed-point condition
In the SVA approximation, the steady-state solution a replaces a(t) in Eq. (4). Equation (6) is equivalent to the following (real) cubic equation for j a j 2 :
The solution of this equation is shown in Fig. 10a for c ¼ 0.47, b ¼ 0.100, and in Fig. 10b for c ¼ 0.47, b ¼ 0.072. We consider the interval B shown in Fig. 10a as an additional bandwidth jump such that the measured bandwidth is modeled by B 0 À B, where B 0 is a constant proportional to the bandwidth jump with 0% GS concentration. Fig. 11 . On the same figure, the dependence of the bandwidth translation modeled by the displacement of the point where two of the solutions of Eq. (7) became complex conjugate is shown in the inset. The linear change of this translation is also in agreement with the experimental behavior shown by the lower line on Fig. 7 .
With reference to the decreasing temperature curve in Fig. 5 , the slower change of the slope in the upper neighborhood of the transition jump as compared to the slope variation in the lower bending zone might be interpreted as a consequence of a temperature-dependent relationship between b and c.
CONCLUSIONS
The results of this work show that the influence of gramicidin S on the dipalmitoylphosphatidyl-glycerol phase transitions in DPPG=GS systems, for concentrations up to 10%, is more visible on the decreasing branch of the bandwidth versus temperature hysteresis loop. It mainly consists of three effects: a gradual decreasing in the magnitude of the bandwidth jump with increasing concentration, a translation of the whole hysteresis loop toward higher values of the bandwidth, and an asymmetry of the decreasing temperature branch of the hysteresis loop.
An increasing quantity of GS results in a change in the memory of the DPPG=GS system consisting of the persistence of the liquidcrystalline phase to lower temperatures than in the absence of GS.
We propose a computational analysis based on the hypothesis that the modification in the damping parameter and in the shape of the potential of a nonlinear oscillator could model the experimentally observed effects induced by increasing GS concentration. The results are in satisfactory qualitative agreement with our experimental data.
